Mycobacterium sp. strain BB1 was isolated from a former coal gasification site. It was able to utilize phenanthrene, pyrene, and fluoranthene as sole sources of carbon and energy and to degrade fluorene cometabolically. Exponential growth with solid phenanthrene, pyrene, and fluoranthene was obtained in fermentor cultures. The growth rates were 0.069, 0.056, and 0.040 h-1, respectively. Several metabolites of phenanthrene and fluorene metabolism were identified.
Contaminations of the environment with polycyclic aromatic hydrocarbons (PAH) are considered hazardous because of carcinogenic, mutagenic, and toxic effects of specific PAH (1) . Therefore, remediation of contaminated sites is of general interest. Biodegradation of low-molecularweight PAH (especially naphthalene, anthracene, and phenanthrene) by bacteria is well documented (1, 4) . In contrast, only a few data on the microbial metabolism of PAH having four or more aromatic rings have been published. Recently, the utilization of fluorene and four-ring PAH as sole sources of carbon and energy by axenic cultures was demonstrated (16, 25, 26) . Degradation of PAH by mycobacteria was also demonstrated.
Mycobacterium sp. strain BG1 grows on phenanthrene as a sole source of carbon and energy (6) . Another isolate degrades naphthalene, phenanthrene, pyrene, fluoranthene, and several substituted PAH cometabolically (9) (10) (11) (12) . The solubility of PAH in aqueous media is low (15) (see Table 2 ). Even in a laboratory culture, where these substrates can be provided in excess in crystalline form, degradation is often limited by the availability of dissolved substrate, resulting in linear degradation and growth (19, 21, 23) . Determination of growth rate often is hampered by a low biomass concentration during initial exponential growth (23) . The mass transfer from the solid to the liquid phase can be increased by the use of organic solvents (2), surfactants (22) , small particles (with a high surface area) (21) (13) .
Analytical procedures. Bacterial growth was monitored by measuring the protein concentration (14) and visually examining the turbidity. Substrate concentrations of PAH were measured by gas chromatography. Cultures were extracted with n-octane (0.2 ml of n-octane ml of culture-') for 30 min on a magnetic stirrer. n-Octane extracts were analyzed with a gas chromatograph that was equipped with a flame ionization detector and a 50-m fused silica capillary column (Permabond SE 54; Macherey and Nagel, Duren, Germany). The separation conditions were as follows: injector temperature, 250°C; detector temperature, 310°C; column temperature program, 150 to 280°C at 10°C min-1, holding at 280°C for 7 min, 280 to 300°C at 15C min-1, and holding at 300°C for another 7 min. The carrier gas was N2, and the flow rate was 2 ml min-1.
Dissolved aromatic compounds were measured by reversed-phase high-performance liquid chromatography (HPLC). Twenty microliters of culture supernatant was injected into an HPLC (Beckman, Munich, Germany) fitted with a Nucleosil column (5-,um particle diameter, C18 column; Knauer, Bad Homburg, Germany Determination of growth rates. Growth rates of Mycobacterium sp. strain BB1 were measured in a fermentor with a 1.6-liter culture volume (Bioengineering, Wald, Switzerland). The particulate substrate concentration was 0.5 g liter-1. The fermentor was inoculated with, at most, 10 ml of a culture grown on the same substrate. The pH was kept constant at 7.0, the temperature was 30°C, and the stirring rate was 1,400 rpm. The cultures were aerated with carbohydrate-free synthetic air (20% 02, 80% N2; Messer Griesheim, Dusseldorf, Germany). The flow rate was regulated to 50 ml min-' by use of a mass flow controller (MKS Instruments, Munich, Germany). The dissolved oxygen concentration was recorded by an autoclavable Clark-Type electrode. Oxygen uptake was calculated from the decrease of dissolved oxygen within a 10-min period after the air supply had been switched off and the stirring speed had been reduced to 250 rpm. CO2 in the exhaust air was measured on-line by a quadrupole mass spectrometer with a capillary inlet at an m/z of 44 (Fisons-Instruments, Mainz-Kastel, Germany) (8) . The mass spectrometer was calibrated with a certified gas mixture (Messer Griesheim). The lower detection limit of the set can be estimated to the degradation of 100 ,ug of PAH liter-' h-1. concentration decreased (Fig. 1) . Exponential growth ended when the increased uptake rate due to biomass increase exceeded the dissolution rate.
After 260 h, 31% of the available carbon had been converted into CO2. o-Phthalate at 90 ,uM and protocatechuate at 28 ,uM were detected in the supernatant at that time. Biomass could not be determined because the cells built aggregates which tended to attach to the fermentor vessel.
During growth of Mycobacterium sp. strain BB1 on phenanthrene, the metabolites 1-hydroxy-2-naphthoic acid, o-phthalate, and protocatechuate were formed. 1-Hydroxy-2-naphthoic acid was not accumulated. Two other metabolites (Ml and M2) eluted from the HPLC column after o-phthalate and protocatechuate but before 1-hydroxy-2-naphthoic acid. The absorbance spectrum of Ml corresponded to that of phenanthrene-3,4-dihydrodiol (absorption maxima at 250, 260, and 310 nm; minima at 240, 255, and 277 nm) (20) . The concentration of Ml increased exponentially during exponential growth of the experiment depicted in Fig.  1 and declined in later stages. The concentration of M2 also declined during later stages.
Degradation of four-ring PAH. Pyrene and fluoranthene were used by Mycobacterium sp. as sole sources of carbon and energy. Maximum rates of degradation in shaking culture were 1.2 mg liter-' h-1 for large crystals of pyrene and 5.6 mg liter-' h-1 for small ones. Exponential growth on pyrene was observed over a 35-fold increase of CO2 evolution in the fermentor. The growth rate is shown in Table 2 . No metabolite corresponding to trans-cinnamic acid was observed, but strain BB1 was able to use this substance as a sole carbon source for growth. trans-Cinnamic acid is an intermediate of pyrene degradation of another Mycobactenum sp. (10) .
Dissolution of fluoranthene was also fast enough in the fermentor to allow growth without substrate limitation. Exponential growth was observed over a 30-fold increase of CO2 evolution ( (9, 10, 12, 18) by the growth on sucrose and trehalose and by the inability to utilize salicylic acid.
We (25) . With fluoranthene as the growth substrate, rates of 0.033 h-1 for Pseudomonaspaucimobilis (16) and of 0.020 h-1 for Alcaligenes denitnficans were reported (26) . Growth rates of Flavobactenum sp., Beijennckia sp., and Pseudomonas paucimobilis on phenanthrene are 0.13, 0.16, and 0.058 h-, respectively (19, 26) .
Since the degradation of PAH is often limited by the available substrate, the degradation rates depend on the dissolution rate of the hydrocarbons. Therefore, the degradation rates are controlled by physical and chemical properties. They are characteristic for a laboratory culture or bioremediation system rather than the degradation process or the microorganisms involved. In contrast, growth rates are determined without substrate limitation and describe growth characteristics of a microorganism under a given set of conditions. Our data clearly show that the growth rates were not dependent on the solubility of the substrates. Although fluoranthene has a higher solubility than pyrene, the growth rate of Mycobacterium sp. strain BB1 was lower on fluoranthene ( Table 2 ).
The identification of 1-hydroxy-2-naphthoic acid, o-phthalate, and protocatechuate as intermediates confirms reports on phenanthrene degradation by mycobacteria and other bacteria (1, 4, 6) . 
